Performance related traits and habitat of the mantis shrimp Rissoides desmaresti are described for specimens collected from the Solent region on the south coast of England, close to the species northern border. Most animals were collected over sub tidal 'mud' and 'sandy mud' sediments, although new recruits and adults were also found on intertidal mudflats. Winter size-frequency distributions showed evidence of regular recruitment and growth to maturity. The reproductive condition of females was staged according to the colour of cement glands, which developed synchronously with ovaries. Females with ripe ovaries were observed between October and April and animals kept in aquaria deposited and brooded eggs in March and April. Results showed that regular recruitment and large breeding populations can occur close to range borders.
INTRODUCTION
Species at their geographical range border can be usefully indicative of environmental changes compared to the range centre, where fluctuations in populations may be less noticeable. Yet life-history and population biology of species at the extremities of their geographical range is often poorly understood due to infrequent observations, particularly in sub-tidal benthic marine habitats. Changes in the status of these species and habitats are still mostly reliant on anecdotal observations. Studies of a northern-edge population of the mantis shrimp Rissoides desmaresti (Risso, 1816) were conducted on the south coast of England, where occasional, sub-tidal, specimens have been recorded by fishermen since the mid nineteenth Century (Yarrell, 1833; Bell, 1853; Clark, 1985; Herbert, 2001 ). The species is one of only two stomatopods found in the British Isles and is considered scarce in the North-East Atlantic. Very little is known about the species habitat or life-history in either core or range-edge populations, yet as a large burrowing predator it has the potential to physically and biologically engineer benthic assemblages and influence ecosystem functionality. As with other geographically marginal species, the population status may be vulnerable due to low biological performance, including reduced growth rate, fecundity and high mortality, causing infrequent recruitment (Caughley et al., 1988; Brown et al., 1995; Hutchins, 1947; Fowler and Laffoley, 1993) . Sub-optimum habitat and hydrographic barriers, causing reduced population connectivity, may also limit spatial occupancy (Gaylord and Gaines, 2000; Herbert et al., 2009) . Moreover, because some specimens have been found in association with sand, gravel and mixed substrates (Holme, 1961 (Holme, , 1966 Lewisohn and Manning, 1980; Ramsey and Holt, 2001; Ellis et al., 2006) and seagrass (Zostera) (Bell, 1853; Mauchline, 1984) the species is considered locally threatened by marine aggregate extraction and coastal management interventions.
Most stomatopods have been recorded from tropical and sub-tropical regions (Caldwell and Dingle, 1976) . Although infrequently recorded, R. desmaresti is widely reported from the Mediterranean (Lewinsohn and Manning, 1980; Valladares, 1987; Froglia and Manning, 1989; Abellò et al., 1993; Kocataş and Katagan, 1995; Š imunović et al., 2000) where it coexists with other Squillidae including the larger, commercially exploited, species Squilla mantis (Linnaeus, 1758) [see Froglia, 1996] . The species known northern geographic extremity is north Wales (Ramsey and Holt, 2001 ) and southern North Sea (Griffin et al., in press) . A description of the adult structure of Mediterranean R. desmaresti (as Meiosquilla desmaresti) is given in Lewinsohn and Manning (1980) and a revision of the genus in Manning and Lewinsohn (1982) . All stomatopods are dioecious and female squillids brood the egg mass within the burrow, cleaning the eggs with maxillipeds and circulating water amongst the brood (Wortham-Neal, 2002) . Males have paired testes and penes and females have paired ovaries orientated anteriorly to posteriorly. Females exude gelatinous cement from glands that help bind the egg mass together when deposited.
In response to increasing anecdotal observations in the region, the aim of this study was to establish the species habitat and performance related traits close to the northern range limit.
MATERIALS AND METHODS

Study Area
The survey area included the Solent region and Isle of Wight in southern England (Fig. 1) . The Solent estuarine system receives fluvial discharge from several estuaries and small harbours. Sea bed substrates include estuarine mud, sands, shingle banks and rocky reefs. The eastern Solent is dominated by medium and fine grained sediments whereas the western Solent and area to the south and south east of the Isle of Wight is associated with coarser grained sands and gravel (British Geological Survey, 1990; Velegrakis, 1999) . Inshore to the 3 m depth contour, sea grass beds (Zostera spp.) occur in both the east and west Solent but are more continuous off Isle of Wight shores. Fast tidal streams reaching 3 ms 21 in the western Solent and off the exposed south coast of the Isle of Wight cause considerable mixing (Sager and Samler, 1975) . Mean salinity is 34 and sea surface temperature varies between 6-19uC, elevated in sheltered bays and harbours during warm summers. Busy shipping lanes and intensive recreational use of the coast require frequent dredging operations. Licensed aggregate dredging areas for sand and gravel occur around the coast of the Isle of Wight. There are inshore fisheries for oysters, crab, lobsters and fin fish.
Habitat and Biometrics
Surveying rare, cryptic species requires considerable sampling effort. Assistance was sought from local fishermen who provided by-catch specimens. From 2004 From -2007 , fishermen were encouraged to participate in a survey of the mantis shrimp along the south coast of England. Information was sent via the Sea Fisheries District offices to be distributed with the annual licence application. As an incentive, a £10 bounty was offered for each mantis shrimp caught. The location of capture was provided along with additional information including depth, seabed substrate and associated species. Local anglers and charter boat skippers also participated in the survey.
Most mantis shrimp are caught in dredges that are used in the oyster fishing season between the months of November and March. Catch Per Unit Effort (CPUE) was determined from total catch per week from fishing vessels under 10 m and running two 1.5 m oyster dredges (mesh diameter 5 cm). Mantis shrimp were also caught in beam trawls and prawn pots deployed throughout the year, often by the same fishermen. To locate burrows and habitat in more detail, areas of higher population density were examined further on five occasions (May 2003 -February 2004 The position of capture of all mantis shrimp was plotted on a sea bed sediment map scale 1:250,000 (British Geological Survey, 1990) using GIS (ArcView) and the number of records upon each sediment type were recorded. The mapped sediment data is based on sea-bed grab samples together with other published and unpublished sources. Sediments are classified according to a modified 'Folk triangle' classification (Folk, 1954; Long, 2006) based on the gravel percentage and the sand to mud ratio. Where intertidal habitat was located in Portsmouth Harbour three sediment cores 6.5 cm diameter 3 15 cm depth were collected for particle size analysis. References to sediment type in this paper largely refer to the Folk Classification supplemented with other metrics as appropriate.
Using callipers, the Total Length (TL) was measured to the nearest 0.1 mm between the anterior tip of the rostrum and end of the telson. The Carapace Length (CL) was also measured. Animal live weight was recorded on an electronic balance. To determine any differences between the sexes that could suggest aggressive or territorial behaviours (Dingle and Caldwell, 1969; Caldwell and Dingle, 1979) , the length of antennae and length and breadth of antennal scales were measured using a micrometer fitted to a stereo binocular microscope.
Burrowing Experiments
To investigate burrow construction within sediments of different particle sizes, four ceramic aquaria (75 cm 3 50 cm 3 30 cm) were established with pumped sea water at the National Oceanography Centre in Southampton. Each basin was filled with 15 cm of a different sediment types: 1) mud (, 0.063 mm), 2) sand (0.25 mm), 3) mud mixed (50%) with 8 mm gravel (equivalent to muddy gravel (mG; Folk, 1954) , and 4) gravel (8 mm). The aquaria were left to settle for 5 days prior to the experiment. An adult mantis shrimp (. 60 mm TL) was placed in each basin for 7 days and rotated four times around the tanks over a 28 day period. Mantis shrimp were fed Crangon and live gammarids. The position of all excavations and trails in the sediment, including burrows with single or double entrances and shallow depressions (pits), were recorded daily. At the end of each 7 day period, the sediments were stirred and left to settle prior to addition of a new adult individual. (Wortham-Neal, 2002) . Animals with ripe ovaries were kept in aquaria containing gravel and larger cobbles to observe spawning and brooding behaviour. The diameter of eggs was measured within a few hours of spawning using a compound light microscope fitted with a micrometer eyepiece at 3100 magnification.
To establish whether further reproductive development occurred during the summer months, when few wild specimens were collected, females were exposed to males singly in aquaria, immediately after spawning in the spring. Individual males were placed with individual females for 12 hr periods. Aquaria dimensions were 60 cm 3 30 cm 3 30 cm and contained 15 cm of muddy gravel and a large cobble. Observations commenced on 19 March 2005 and continued till July 2005. Measurements of water temperature were made daily and females were removed from the tanks each week for staging of ovaries and cement glands.
RESULTS
Habitat and Sediments
The species was recorded between Mean Low Water Neap (MLWN) tide level and 20 m depth over a wide range of predominantly muddy and sandy sediments (Fig. 1) . Between 2003 and 2006 , the mean number of mantis shrimp caught per fishing boat during the autumn oyster fishing season (1 November to 17 December) varied between 0.43-2.21 individuals per 5-day working week (Table 2) . No captures were made by any vessel over the coarser subtidal gravels and sand in the western Solent, although several mantis shrimp were caught within gravels off the south-west coast of the Isle of Wight. Of 200 subtidal captures, 50% were on sandy-mud (Phi50 5 4), 16% in muddy-sand (Phi50 5 3), and 17% were caught over sandy-gravel (Phi50 5 21 to 22). There is a highly significant association between seabed sediment type and capture (x 2 5 894, d.f. 5 14, P , 0.0001) with more mantis shrimp found on the muddy sediment types and fewer on the gravels, than might be expected by chance. The aquarium experiments supported the field observations in showing that burrowing was only successful in 'mud' and 'muddy gravel' and did not occur in 'sand' or 'gravel' on its own, although attempted scrapes were observed.
In The fauna associated with subtidal Rissoides capture in the Solent were mostly dominated by the slipper limpet Crepidula fornicata; the bryozoan Flustra foliacea, ascidians, sponges and the hydrozoans Hydrallimania falcata and Sertularia sp. were usually common. Within the intertidal mudflats in Portsmouth Harbour, Rissoides were associated with polychaetes Arenicola marina and Alitta virens and the thalassinid prawn Upogebia deltaura. Anglers reported Rissoides in the stomachs of several fish species including thornback ray (Raja clavata), bass (Dicentrarchus labrax), pouting (Trisopterus luscus), smooth hound (Mustelus mustelus) and tope (Galeorhinus galeus). One of four Rissoides found in the stomach of a tope held a prawn (Hippolytidae sp.) within the dactyl propodus of the second thoracopod.
Size-Frequency and Structure
Specimens from the Solent were consistent in morphology and structure with Mediterranean animals (Mauchline, 1984; Lewinsohn and Manning, 1980) and in the absence of molecular data are assumed to be the same species. Both male and female specimens from the Solent have a propodus of the raptorial claw most resembling western Mediterranean specimens but differ in having a squarer distal end and a fairly uniform width, except at the proximal end. The shape of the propodus is at variance with the evenly convex outer margin described by Manning and Lewinsohn (1982) . The structure of male specimens of R. desmaresti from the Adriatic (Natural History Museum, London) appear more variable but are largely consistent with Manning and Lewinsohn (1982) .
Animals caught were between 26-97 mm Total Length with both the largest and smallest animals being females (Fig. 3) . A comparison of the regression slopes of male and female carapace length against total length was statistically significant (t 5 2.16, d.f. 5 195 P 5 0.02; Table 3, Fig. 2) . Regressions of total length against size of antennae and anntenal scale were both highly significant, although there was no statistically significant difference (P . 0.05) between the sexes (Table 3 ). There was a marked seasonality in the total number of mantis shrimp caught, both intertidally and as by-catch. Very few animals were caught between April and August and the proportion of females caught increased during the autumn and early winter to a maximum of 78-100% in December and January respectively (Fig. 4) .
In the October-March histograms (Fig. 5) , only the larger mode, corresponding to the 2+ cohort, could be signifi- Dense thick white bands that are connected medially and almost filling the ventral region of the thoracic cavity 
Reproduction
Female mantis shrimp were observed with developing or ripe ovaries between October and April, when the red ovaries become clearly visible through the exoskeleton both dorsally and ventrally. The colour intensity increased to form a broad red stripe located medially along the length of the abdomen and approximately half its width, to the tip of the telson. In many specimens it was observed that the red stripe increased in width with colour intensity, suggesting that the eggs may initially develop more centrally in the ovaries. Cement gland development was also visible from October to April with 17% of specimens already having stage 3 glands in October (Fig. 6) . In between January and April, 80-100% of specimens had stage 3 cement glands. The two O+ females caught in December had no cement gland or ovarian development, suggesting that brooding may not be possible in the first year. Visible reddening of the ovaries became particularly apparent when cement glands were at stage 2, and became most intense at stage 3. Fusion of ovarian tubules in the telson was also observed as the ovaries developed and a distinct triangular form was visible when ovaries were ripe, as in Squilla empusa Say, 1818 (Wortham-Neal, 2002 . Females with ripe ovaries, kept in aquaria between 10-15uC, burrowed beneath cobbles on gravel sediment and were therefore visible. Females were seen brooding newly spawned eggs on 19 March, 5 & 14 April 2005. Each brood was estimated to consist of 500-1000 eggs within a gelatinous mass of approximately 15 mm diameter. Eggs were orange in colour and ovoid in shape (mean max diameter 0.66 mm, SD 0.07, n 5 16). Eggs were released in at least two batches within 30 minutes and were then held, rotated, and cleaned by females between the second thoracopods. Occasionally the egg mass would be left on the aquarium floor but later picked up and brooding recommenced. Brooding was not observed after 6 days post spawning. By this time, egg masses were visibly reduced in size and it was suspected that some eggs had been eaten. Post-spawning, no mating was observed or development of ovaries or cement glands (Fig. 7) . 
DISCUSSION
Evidence of gonad development, regular recruitment, juvenile survival, and growth within a range of soft sediment habitat can explain the development of a stable population in the region. However the paucity of data from the species range centre, including the Mediterranean region, precludes any latitudinal comparison of performance within this species. Yet, similarities with the relatively well-studied and related Mediterranean species S. mantis are discussed.
Habitat and Sediment
The species was generally widespread in the region though predominantly within sandy muds (Phi 3-4; grains , 0.125 mm). However although the whole region is subject to fishing using a wide range of gear, the recorded distribution may also partially reflect fishing effort. Substrate preference was largely consistent with observations of R. desmaresti in north Wales (Ramsey and Holt, 2001 ) where burrows were constructed within cohesive mixtures of mud, sand and gravel, although in this study, two specimens were found in homogenous mud (Phi 5-8; grains , 0.063 mm) in the upper reaches of Portsmouth Harbour. In the Adriatic, specimens are mostly found in habitats with a mud or clay component (Manning and Froglia, 1979; Š imunović et al., 2000) . Although aquarium experiments showed that burrow construction is possible within sediments consisting entirely of mud, most attempts collapsed. Aquarium conditions may not accurately reflect actual sea bed sediment characteristics, particularly the degree of compaction. Moreover, insufficient time for acclimatisation may have prevented observations of burrowing in the coarser sediments. The depth of burrows in aquaria (approximately 10-15 cm) were similar to the burrow casts of R. desmaresti (Bhattacharya, 1967; FAO, 2009 ). See Table 4 for further details. Table 4 . Means of modal groups 1 (1+ cohort) and 2 (2+ cohort) from size frequency data presented in Fig. 5 in 6-month periods (OctoberMarch) between 2003 and 2007. Size measured as Total Length (mm). The modes were separated by application of a separation index (SI), calculated as the ratio of the difference between successive means and the difference between their Standard Deviation (SD). SI values . 2?0 indicate significant difference (P , 0.05) from the other modes (Bhattacharya, 1967; FAO, 2009 ). There were insufficient data in length classes , 40 mm (O+ cohort) for modes to be identified. obtained in North Wales (Ramsay and Holt, 2001) , therefore the depth of the aquarium is not considered limiting in this respect. Observations of burrowing behaviour and burrow construction of R. desmaresti in aquaria were also comparable to S. mantis, described by Atkinson et al. (1997) . Within intertidal flats, most Rissoides were seen within the upper 20 cm of sediment, and there was no evidence of deep vertical burrow construction as seen in S. empusa during winter (Myers, 1979) . Attempts to associate captures with mapped substratum are largely dependent on map accuracy. Most mapped data for the region was obtained at intervals 20-30 years previously, although a less detailed but broad scale map incorporating more recent observations (Velegrakis, 1999) showed the main pattern to be very similar. There is however likely to be temporal variation with respect to the proportion of mud, which will accumulate in areas sheltered from tidal currents. It is suspected that while the highest densities of Rissoides are likely to be within muddy and mixed sediments, given adequate food availability, animals may be found wherever there are compacted sediments that can be excavated without frequent burrow collapse, including sand and gravel banks. Samples taken through gravel banks in the southern North Sea with a Hamon grab have yielded Rissoides (Ellis et al., 2006) . In the Mediterranean, S. mantis and other Squillidae appear to be most abundant in river deltas and estuaries, where finer muds and sands are deposited (Abelló and Sardà, 1989; Dittel, 1991; Atkinson et al., 1997; Maynou et al., 2004) .
Reproduction and Recruitment
Populations of species at the edge of their geographic range may have intermittent recruitment and low fecundity (Caughley et al., 1988; Herbert et al., 2009) . Indirect evidence of the species' ability to reproduce in the English Channel or southern North Sea has previously been obtained from plankton samples (Baan and Holthius, 1966, 1969; Verwey, 1966) although the location of source populations was not confirmed. This study found evidence of reproductive development in R. desmaresti within the Solent population each year and O-class within intertidal sediments in two of the years studied. Larvae have also been recorded within plankton samples from the Solent in the past decade (Muxagata, 2005) .
Although no previous studies have investigated reproduction in this species, there are similarities with other Squillidae, particularly S. mantis. In the Mediterranean, S. mantis cement glands are also fully developed in winter, with a single spawning of eggs deposited from April-June (Do Chi, 1978; Maynou et al., 2005) . Females remain in their burrows to incubate the eggs and do not feed during this period (Piccinetti and Picinetti-Manfrin, 1970; Do Chi, 1978) . This accounts for the reduced catch of females during the early spring (Froglia and Giannini, 1989; Froglia, 1996) . In this study, the sex ratio of captured R. desmaresti also varied seasonally with females becoming significantly more evident during the autumn and winter as reproductive development progressed. The capture of both sexes became less during the spring and summer months. It is possible that higher catches of female R. desmaresti during the autumn and winter prior to egg incubation is linked to greater feeding activity beyond the burrows. Large numbers of females with ripe ovaries and cement glands caught in static, baited prawn pots laid in January supports this assertion.
Š imunović et al. (2000) recorded peak abundance of both R. desmaresti and R. pallidus (Giesbrecht, 1910) in the Adriatic during the autumn and winter months, although sexes were not differentiated. Off the Ebro Delta in the north-west Mediterranean, where fishing effort is relatively constant throughout the year, catches of S. mantis are also significantly reduced in the summer (Abelló and Martin, 1993) . It is possible that there is significant adult mortality of Squillidae during this period, particularly post-spawning females, with new recruits still too small to be caught in fishing gear. The production of egg masses by R. desmaresti in aquaria in mid-March and mid-April may be earlier than in wild populations. In the Solent, surface sea temperatures are typically between 8uC in March and 10-12uC by mid-April, whereas aquarium temperatures ranged between 10-14uC during this period. Egg numbers within the three broods produced in aquaria are substantially less than estimates of 50,000 eggs for the larger S. mantis (Giesbrecht, 1910) .
The egg incubation period and duration of pelagic larval stages of R. desmaresti has not previously been investigated. For S. mantis, incubation is given as 10 weeks followed by a ten-stage larval development of 8-12 weeks (Giesbrecht, 1910; Piccinetti-Manfrin, 1999) between JuneNovember (Lo Bianco, 1909; Giesbrecht, 1910 ) with a peak in August (Lewinsohn and Manning, 1980) . Observations of the abundance of larval R. desmaresti in the southern North Sea match those of S. mantis, with peak numbers of stage 8-9 larvae recorded in August and September (Baan and Holthuis, 1966) and occasional specimens found in December. In the Solent, a stage 2 larva of R. desmaresti was reported on 5 July 1996 (M. Sheader, personal communication) and other unspecified but early stages in Southampton Water during July and August 2004 (Muxagata, 2005) . With spawning observed in Fig. 7 . Cement gland development of ripe female R. desmaresti kept in aquaria and exposed to males from March (n 5 9) to July (n 5 3) in 2005, when remaining animals died. Aquarium temperature ranged 15.0-20.2uC. Females were seen brooding egg masses on 19 March, 5 April, and 14 April.
mid-March and mid-April, allowing for a 10 week incubation period (as in S. mantis), stage 1 pelagic larvae of R. desmaresti should be released from the burrow in June and July. An additional 8-12 week development period (as in S. mantis) would see stage 8-9 larvae in the plankton between August and October, which is consistent with field observations of R. desmaresti by Baan and Holthuis (1966) . The lengths of stage 9 larvae of R. desmaresti are given as approximately 20 mm (Giesbrecht, 1910) so benthic animals found with a Total Length of 26-30 mm in December are most likely 'O+' class (Fig. 4) .
Although comparisons of performance related traits in other populations of R. desmaresti cannot be made due to a paucity of data from these regions, the population on the south coast of England showed similar life-history traits and reproductive period to S. mantis in the Mediterranean. As a burrowing species, it unlikely that we yet know the full extent of the UK distribution of R. desmaresti, although anecdotal reports suggest that numbers may now be increasing on the south coast of England. It is possible the environment has become more favourable due to rising sea temperatures which has increased fecundity, causing more frequent spawning and recruitment. Records of un-specified Stomatopoda (most likely R. desmaresti) in the data base of the Continuous Plankton Recorder (www.sahfos.ac.uk) show that of 25 larvae reported in the English Channel (between 49u and 51uN and 5uW and 1uE) from 1958-2004, only 3 were recorded during the relatively cool 1970s and 1980s (J. Lindley, personal communication). Range extensions of barnacles and gastropods on rocky shores have occurred in the region within the past decade (Herbert et al., 2003; Hawkins et al., 2009 ), yet for R. desmaresti, discontinuous habitat along and around the coast may limit range extensions, as large source populations are likely to colonise the mouths of estuaries, sheltered bays, and gravel banks. Yet the long larval pelagic period may facilitate the colonisation of widely separated habitat.
